The domain structures of epitaxial Fe ͑20 nm͒/GaAs͑100͒ circular dot arrays ͑diameters from 50 to 1 m͒ were studied with magnetic force microscopy. A transition from a single domain to a multidomain remanent state was observed upon reducing the dot diameter beneath 10 m in dot arrays with the separation twice the dot diameter. When the separation is reduced to half the dot diameter, the single domain states were found to ''collapse'' into stripe-like multidomain states due to local dipole coupling between dots. Micromagnetic simulations further suggest that for ultrathin Fe dots of less than about 2 nm thickness the diameter does not have a significant influence on the domain structures due to a dramatic reduction of the dipole energy.
INTRODUCTION
While polycrystalline ferromagnetic elements [1] [2] [3] [4] [5] continue to attract attention for the study of magnetic domain structure and magnetization processes in mesoscopic elements, mesoscopic dots and wires fabricated from epitaxial films are becoming increasingly important. [6] [7] [8] [9] [10] The epitaxial magnetic elements have a well-defined magnetocrystalline anisotropy and are much less influenced by defects in contrast with polycrystalline structures. Epitaxial structures therefore provide an opportunity to control the domain structure via the competing magnetic anisotropy and dipolar fields. For example, the domain width in hexagonal-closepacked ͑hcp͒ Co dots was tuned by changing the thickness of the dots. 6 The correlation between the reduction of thickness and the increase of coercive fields has been demonstrated in submicron-size epitaxial Fe dots. 10 In our previous studies, 7 the domain structures of Fe ͑100͒ square dots on GaAs have been studied using Lorentz microscopy. A transition from single domain to multidomain remanent states is observed upon reducing the element size beneath about 50 m due to a competition between the in-plane dipolar fields and the magnetocrystalline anisotropy field. A recent study by Stamm et al. 8 demonstrated that two-dimensional Co dots in the thickness range of 2-10 ML grown on Cu͑100͒ adopt a single domain state regardless of their lateral size. In addition to the fundamental interest of studying the domain configurations in mesoscopic magnets, the stabilization of the single domain state is important for magnetic data storage as well as the next generation of spin electronic devices. 11, 12 We have recently carried out a systematic study of micromagnetism in epitaxial Fe͑100͒ dot arrays grown on GaAs͑100͒ by molecular beam epitaxy and patterned by e-beam lithography. In addition to the lateral size of the dots, parameters such as the separation, and thickness as well as the element shape need to be considered. In this article, we highlight the effect of the diameter and separation, as well as that of thickness on the domain structures.
SAMPLE PREPARATION AND MFM IMAGING
The starting magnetic material is a high quality epitaxial body-centered-cubic ͑bcc͒ Fe film of 20-nm-thick grown by molecular beam epitaxy on GaAs͑100͒ at room temperature. 13 The cubic anisotropy is dominant, but with the presence of a uniaxial anisotropy, in this film as shown by in situ magneto-optical Kerr effect measurements. The film was then capped with a 4-nm-thick Au layer to prevent oxidation before removal from the growth chamber. The Fe dot arrays were fabricated using electron-beam lithography The domain structures were studied in the remanent state using magnetic force microscopy ͑MFM͒ after saturating the magnetization along one of the easy axis ͗100͘ directions. A commercial Si tip coated with CoCr was used for the MFM imaging. Figure 2͑a͒ shows the evolution of the domain configuration with dot diameter in dot arrays with the separation twice that of the diameter. The interparticle dipolar coupling is often believed to be negligible when the ratio of the separation to the diameter is larger than 1.
RESULTS AND DISCUSSION
14 The evolution of the domain configuration with the diameter shown in Fig. 2͑a͒ can thus be compared with our previous work 7 Figure 2͑b͒ shows the evolution of domain configurations with dot diameter in the dot arrays with the separation half that of the diameter. We would like to emphasize that the dots in Figs. 2͑a͒ and 2͑b͒ were fabricated following exactly the same procedures and their only differences are the different separations. The most striking feature is that the single domain states of the 50 and 20 m dots in Fig. 2͑a͒ collapse into multidomain states. This demonstrates that local dipolar coupling between dots via the edges are strong enough to switch the domains. The coercivity of the continuous Fe film is about 20 Oe 13 and the stray field 10 m away from a 20 m dot was estimated to be larger than 25 Oe 15 for example. The detailed domain structures are determined in principle by the spatial distribution of the stray field due to all the dots in the array. This stray field distribution is expected to be anisotropic, i.e., corresponding to the structural anisotropy, related to the structure of the dot arrays such as the geometrical configuration and array periodicity. The stripe-like patterns shown in Fig. 2͑b͒ as well as the rotation of the magnetization direction way from the ͗100͘ axis might suggest the importance of such a structural anisotropy in the dot arrays.
Preliminary numerical micromagnetic simulations have been carried out on isolated iron dots of thicknesses tϭ2 and 20 nm and different diameters ranging from 160 nm to 2.56 m. More specifically, the remanent state after saturation along one of the easy cubic axis has been computed. Figure  3͑a͒ shows the evolution of remanence with the dot diameter for the two thicknesses. The equilibrium states are qualitatively the same in all cases and are represented in Fig. 3͑b͒ by the simulations for dots of about 1 m diameter. The simulated domain structures of both the 2 and 20 nm thickness dots correspond to a single domain configuration with small deviations from uniformity at the boundaries of the dot to reduce the magnetostatic energy. This is in agreement with the experimental results. The spin deviations at the edge suggest that the edge is important for the interaction between dots. It is interesting to note that the remanence of the dots with tϭ2 nm shows little dependence on the diameter. As can be seen from the gray scale patterns of ٌ"M in Fig. 3͑b͒ the internal demagnetization fields of the 2 nm dots are very small as compared with those of the 20 nm dots. Our micromagnetic simulations confirm that dipole interactions are negligible in ultrathin dots as has also been shown for twodimensional Co particles on Cu ͑100͒.
8 Ultrathin ferromagnetic elements are therefore promising for magnetoelectronic devices.
CONCLUSION
The diameter, separation, and thickness dependences of the domain structures of epitaxial Fe͑100͒ circular dot arrays were studied using magnetic force microscopy and supporting micromagnetic simulations. Upon reducing the dot diameter, the first transition from a single domain to a multidomain remanent state was observed around 10 m, followed by a second transition from the multidomain to single domain state. When the separation is reduced to half the dot diameter, the single domain states were found to ''collapse'' into stripe-like multidomain states due to the local dipole coupling. Micromagnetic simulations suggest that for ultrathin Fe dots the domain configurations show little deviation from the single domain state as required for magnetoelectronic devices.
